The Vineland Adaptive Behavior Scales (2 nd edition; Vineland-II) is the most widely-used scale for assessing dayto-day "adaptive" skills. Scores on the Vineland-II are linked to educational attainment, need for support and independent living. Researchers use the Vineland-II to study the effects of new treatments for Autism Spectrum Disorder (ASD). However, it is not clear how much a person's score on the Vineland-II has to increase after treatment for the change to be regarded as a truly clinically-significant improvement. To answer this question, we launched a collaboration across academia, patient advocacy groups, and industry. By pooling data from over 9000 individuals with ASD, we estimate that changes of 2 to 3.75 points on the Vineland-II Composite score represent the "minimal clinically-important difference". Smaller changes are probably not meaningful. For the more specific
Introduction
The diagnostic criteria for Autism Spectrum Disorder (ASD) include clinically-significant, functional impairments in social communication and social reciprocity, and the presence of restricted or repetitive behavior and sensory anomalies (DSM-5; APA, 2013) , but ASD is also associated with broader impairments in adaptive behaviors that support everyday functioning (Kanne et al, 2011) . These adaptive behavior problems span multiple domains including socialization, communication, and daily living skills, and are not fully accounted for by differences in cognitive ability (Charman et al, 2011; Klin et al, 2007) . These impairments predict real-world outcomes in ASD, including educational attainment and the likelihood of independent living (Farley et al, 2009; de Bildt, Sytema, Kraijer, Sparrow & Minderaa, 2005) . Adaptive behavior impairments in ASD are also associated with both the number of support services received, and the service needs that will go unmet (Taylor & Henninger, 2015) . Thus, adaptive behavior is a key target for interventions directed at individual or societal outcomes in ASD (e.g., Veenstra-
VanderWeele et al, 2016).
It is not currently possible to fully evaluate the efficacy of interventions directed at adaptive behavior. This is because efficacy claims require a demonstration of not only statistical significance, but also clinical meaningfulness (Jacobson & Truax, 1991; FDA PRO Guidance 2006; Coon & Cappelleri, 2016) . While statistical significance is commonly evaluated, clinical meaningfulness requires that treatment effects exceed a minimally clinicallyimportant difference (MCID). The term MCID was first described in 1989 (Jaeschke, Singer, & Guyatt, 1989) and is now a well-accepted concept to clinicians, regulators and payors to support evaluation of treatments (e.g., Guyatt et al, 2002; Food & Drug Administration, 2009; Medicare Evidence Development & Coverage Advisory Committee, 2006) . However, there is currently no consensus on the MCID for adaptive behavior among individuals with ASD.
To remedy this gap, we calculated estimates of the MCID from a large sample of individuals with ASD who were assessed with the Vineland Adaptive Behavior Scales, Second Edition (Vineland-II; Sparrow et al, 2005 ) Survey Interview form. The Vineland-II is the most commonly used instrument for quantifying impairments in adaptive behaviors necessary for socialization, communication, and daily functioning (Pugliese et al, 2015 ; see also Figure   1A ). Adaptive behaviors ranging from early developmental milestones to sophisticated demands on language understanding and attention are assessed. The scale can be used from birth to 99 years of age; since the expression of adaptive behavior changes across the lifespan, the score is age-normalized (much like IQ). This instrument characterizes adaptive behaviors at multiple levels of granularity, including an overall composite score as well as domain-and subdomain-level constructs. pooled across multiple consortia, trials and registries, and subjected to several quality control steps. Next, both anchor-based and distribution-based techniques for estimating the MCID were performed on the entire pooled dataset, as well as stratified subsets of the pooled dataset. *Sample-size weighting is used, such that the number of 6 individuals contributing to each anchor-or distribution-based estimate is directly proportional to the influence of that estimate on the weighted-average; †Both cross-sectional and longitudinal assessments were performed The Vineland-II has been used widely in clinical, educational, and research settings, and with populations as diverse as ASD (e.g., Pugliese et al, 2015; Veenstra-VanderWeele et al, 2016; Kanne et al, 2015; Szatmari et al, 2015) , Fragile X syndrome (e.g., Fisch et al, 1996) , Williams syndrome (Greer et al, 1997) , ADHD (Stein et al, 1995) , low birth weight (Fjørtoft et al, 2015) , Down syndrome (Dykens, Hodapp & Evans, 2006) , and other neurodevelopmental disorders. A recent Autism Speaks sponsored working group panel recommended the Vineland-II as suitable (having adequate reliability, validity and responsiveness) to quantify social communication deficits in clinical trials of ASD (Anagnostou et al,. 2015 ; see also McConachie et al, 2015) . Despite its widespread use as a comprehensive measure of adaptive behavior in developmental disorders, its MCID is as yet unclear.
Previous estimates of clinically-meaningful change in the Vineland-II varied between 2.4 and 6 points (Frye et al, 2016) , although this variability could reflect the relatively small, age-restricted sample (n=48 3-14 year-olds) or the use of only a single method of MCID estimation.
Very small changes on Vineland-II scores might be associated with clinically meaningful benefits, given that Vineland-II assesses adaptive behavior in real-world scenarios. Indeed, MCID estimates can (in principle) fall below the measurement error of the instrument itself (e.g., King 2011). If this were the case for the Vineland-II, then any statistically-significant change could also be considered clinically meaningful. In addition, the MCID could be dependent on other clinical factors like age or IQ. For example, a given change in Vineland-II scores might be associated with greater clinical benefit early in life, where adaptive behaviors may bootstrap across development.
Conversely, MCID estimates might be larger or smaller among those with cognitive impairments: larger if substantive improvements in adaptive behavior are required before real-world functioning undergoes a meaningful change; or perhaps smaller, given the already significant special support provided to individuals with ASD and comborbid IQ deficits (e.g,. Aljunied & Frederickson, 2011) .
Methods
Overview. To estimate both the MCID magnitude and its potential dependence on these other clinical factors, we implemented a pipeline involving data pooling, Vineland-II standard score rederivation according to US norms, quality control, and the calculation of both distribution-based and anchor-based MCID estimates ( Figure 1B ). These MCID estimation methods are consistent with recommendations from scientific literature and federal guidance alike (Revicki et al, 2008; King et al, 2011; Food & Drug Administration, 2009; Coon & Cappelleri, 2016; Crosby, Kolotkin & Williams, 2003) . At a high-level, distribution-based methods compute the MCID as the change required to exceed some proportion of the intrinsic variability within the affected population; these estimates approximate those achieved through other methods (Norman et al, 2003) . By contrast, anchor-based approaches calibrate scores across assessments -mapping from the target assessment to one or more "anchor" assessments where clinical meaningfulness has already been established. For anchor-based estimates, we utilize explicit assessments of clinically-relevant improvement, as quantified by the Clinical Global Impression scale (including its Severity [CGI-S] and Improvement [CGI-I] subforms; Guy, 1976) Figure 1B) we controlled for the fixed effects of age, sex, full-scale IQ, and the random effect of dataset where possible. We further adjusted for the effect of age bin, as used in the Vineland-II standard scoring procedure , and its interaction with age. For analysis of longitudinal distribution-based estimates, baseline Vineland-II scores were also used as a covariate.
Finally, where regression-derived anchor-based estimates were calculated, potential differences in the administration of the anchor between studies (e.g., OACIS-I/CGI-I and OACIS-S/CGI-S) were captured by allowing the slope between Vineland-II and the anchor to differ as a random effect of dataset. The random effect of dataset is intended to account for differences related to the specific populations enrolled, the differing IQ tests and IQ scoring methods used, and other factors that may increase variability due to pooling individual-level data from many sources.
Therefore, the MCID estimates generated were adjusted for the influence of sex, IQ, multiple influences of age and dataset, and (where relevant) baseline Vineland-II scores within each stratum. . See Table 1 for differences between datasets. Each dataset contained a minimum of 10 observations for regression-based analyses.
Distribution-based MCID estimates. For each stratum with more than 30 distinct individuals, three types of distribution-based estimates were computed after adjusting for covariates described above (using R package "lme4"):
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(1) the standard error of the measurement (SEM; Wyrich, Nienaber & Tierney 1999; Wyrwich, Tierney & Wolinsky, 2002; Copay et al, 2007; Farivar, Liu, & Hays, 2004 ).
This measure, distinct from the standard error of the mean, is a lower-limit estimate of scale measurement error for a given individual. It is computed as SD * [SQRT(1-r)], where r is the corrected test-retest reliability estimate reported by the Vineland-II manual.
(2) one half the standard deviation (Norman et al, 2003; Le, Doctor, Zoeliner & Feeny, 2013) Anchor-based MCID estimates. For each stratum, anchor-based estimates were computed using the following methods wherever more than 30 individuals could contribute to a given estimate:
( (2) the Vineland-II change score which maximally (i.e., maximal [sensitivity + specificity]) differentiated OACIS-/CGI-I = 4 ("no change") from OACIS-/CGI-I = 3 ("minimally improved") patients, as determined by the receiver operating characteristics (ROC) curve (Froud & Abel, 2014) (3) equipercentile equating (Leucht et al, 2006; Samara et al, 2014; Kolen & Brennan, 2014) , whereby the percentile rank of each subject's Vineland-II change score was used to find corresponding percentile rank on the OACIS-/CGI-I, thereby identifying the minimal Vineland-II score change that is associated with minimal improvement on the OACIS/CGI (using R-package "equate").
Calculation of Weighted-average MCID estimates. For each stratum individually as well as for the non-stratified analysis, an average distribution-based MCID estimate was computed, weighted by the sample size for each MCID estimate; likewise, an average anchor-based MCID estimate was computed, again weighted by the sample size for each such MCID estimate.
Results

The association of Vineland-II Adaptive Behavior to covariates
The pooled and cleaned final dataset included 9,067 individuals with ASD and a total of 10,326 observations, ranging from 1.16 to 55.7 years of age; 84% of the subjects were males, and 72% of the subjects had IQ ≥ 70.
Sample sizes stratified by age and the presence of IQ and OACIS/CGI are presented in Table 2 . As expected, individuals with ASD showed substantial adaptive behavior impairments across all domains and at all ages ( Figure 2 ). The most impaired adaptive behavior domain was Socialization, followed by Communication, Daily
Living Skills, and Motor Skills, each with statistically distinct degrees of impairment (Table 3 ; paired t-test with unequal variances; all p's<4.3e-14). In addition to falling well below the age-normed value of 100 (one-sample ttest; all p's<2.2e-16), all Vineland-II standardized scores also showed a pattern of increased impairment with age ( Figure 2) . A moderate floor effect was apparent among adults in the Communication and Socialization domains, driven largely by adults with IQ < 70 (see also Figure 3 , below). In addition, an apparent inflection point was noted between the ages of 8 and 10 in Communication standardized scores, such that these scores might be seen to improve during early childhood before showing a subsequent decline after age 10. However, this pattern is no longer apparent once adjustments are made for the age bins used in the final stage of Vineland-II scoring (see Supplementary Figure S1 and Supplementary Text S1 for a fuller discussion of this issue), so we refrain from further interpretation. Full-scale IQ scores were highly variable among those with ASD (with a standard deviation 1.8 times larger than the expected value of 15; Table 3 ). However, variability in adaptive behavior was not as markedly elevated, remaining relatively close to the expected standard deviation of 15 (Table 3) . Sex-related differences in Vineland-II standardized scores were relatively minor. While sex differences in full-scale IQ were 5.6 points on average (95% Figure 4 depicts these sex-related differences alongside the larger IQ-related differences in adaptive behavior. (See also Supplementary Text S1, Figure S1 , and Table S2 for further details on the association of sex and other covariates to the Vineland-II.) Figure 4 depicts the distributions of Vineland-II standard scores as a function of sex and IQ; solid horizontal lines reflect sex-specific averages; the dotted line reflects the typically-developing mean of 100 in each Vineland-II standard score. Sex has minimal influence on the observed distributions, whereas the presence of cognitive impairment has a strong effect on the mean score.
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MCID estimates. Table 4 reports stratified, sample size-weighted estimates of both anchor-based and distribution-based MCID estimates for Vineland-II scores. For the Adaptive Behavior Composite score, these weighted anchor-based estimates ranged from 2.44 to 3.76; weighted distribution-based estimates were in good agreement with these weighted anchor-based methods within each stratum, all falling within a half point of the weighted anchor-based estimates.
Good agreement was also observed between the weighted anchor-and distribution-based methods across the Vineland-II domain-level scores. The mean difference between weighted MCID estimates from these two methods was 0.19 points. There was a positive correlation between weighted distribution-based MCID estimates and the corresponding weighted anchor-based MCID estimates across the various strata and Vineland-II standardized scores for which weighted anchor-based MCID estimates could be calculated (n=21, as shown in Table 4 ; R=.47, p =.029; ICC(2,1) = .42; see also Supplementary Figure S7) .
We assessed the robustness of these weighted MCID estimates using sensitivity analysis, including precisionweighting rather than sample size-weighting (Supplementary interventional studies (e.g., defining early childhood as age 0 to 5, and middle-to-late childhood as age 5 to age 12;
Supplementary Table S7) . Across these analyses, the weighted MCID estimates reported in Table 4 were stable, if slightly conservative: the sensitivity analyses revealed slight reductions in weighted MCID estimates on average in the affected strata, although the mean change was small (mean difference: -.15, SD=.59).
These weighted MCID estimates were generally larger for the domain-level standard scores than for the Adaptive Behavior Composite. Weighted MCID estimates for the Socialization and Daily Living Skills domains were larger than the Composite weighted MCID (Wilcoxon Signed Rank Test p=.001 and p=.019, respectively), although this same effect was detected at only a trend level for the Communication domain (Wilcoxon Signed Rank Test p=.08).
The weighted MCID estimates tended to increase with IQ: they were lower in the IQ<70 strata in all 21 of the comparisons enabled by Table 4 (Wilcoxon Signed Rank Test p< 0.0001). Weighted MCID estimates also generally increased with age: they tended to be lower for children than for adolescents (Wilcoxon Signed Rank Test p=.02), and lower for adolescents than adults (Wilcoxon Signed Rank Test p=.04).
These fully-stratified analyses were more consistent than partially-stratified or non-stratified analyses. In non-fully stratified analyses, discrepancies between weighted distribution-and anchor-based MCID estimates could exceed two points. Indeed, anchor-and distribution-weighted averages failed to reliably correlate in analyses that were not fully stratified (R =.11; Supplementary Figure S7 ). 
Socialization Domain
Children (0-13) 2.6 3.1 2.9 3.7
Adolescents (13-18) 2.9 5.5 3.2 4.0 Adults (18+) 3.0 5.5 4.8 4.8
Daily Living Skills Domain
Children (0-13) 2.6 3.7 2.9 3.6
Adolescents (13-18) 1.7 n/a* 3. Supplementary Table S8 .
Discussion
Individuals with ASD increasingly fall behind their peers in adaptive behavior with age. Using the largest sample of adaptive behavior among individuals with ASD to date, we identified the most impaired domain of adaptive behavior as Socialization, followed by Communication, Daily Living Skills, and Motor Skills. We quantify the partial dependency of these impairments on factors like sex, age, and IQ, enabling more precise and powerful assessments of adaptive behavior in ASD (e.g., Lerer et al., 2008) .
Pronounced age-and IQ-related shifts are observed in all domains of adaptive behavior among individuals with ASD, with comparatively minor effects of sex (consistent with some prior results; see Howe, Yatchmink, Viscidi & Morrow, 2014) . Despite these effects, we find that adaptive behavior impairments are also much more uniform than those observed in full-scale IQ (see Table 3 ). ASD is considered a spectrum disorder because it is highly heterogeneous (e.g., Beversdorf & MAS Consortium, 2016; Szatmari et al, 2015 ), yet we find a greater uniformity of adaptive behavior in ASD with persistent impairment across demographic variables like IQ and sex (see Results).
This striking uniformity reflects the fact that, even when intellectual ability is intact, adaptive behavior is still impaired -particularly in terms of Socialization and Daily Living Skills (Charman et al, 2011; Klin et al, 2007; Duncan & Bishop, 2013) . The curvilinear association between full-scale IQ and adaptive behavior suggests that IQ does not fully explain adaptive behavior impairments among individuals with ASD, particularly at high IQs where the association between IQ and adaptive behavior is attenuated. In summary, given that adaptive behaviors are assessed in real-world, everyday scenarios and represent an area of specific, disproportionate impairment (relative to IQ), the Vineland-II is expected to be an important measure of interventional efficacy in ASD.
To support evaluations of efficacy using the Vineland-II interview form, we used both distribution-based and anchor-based methods to establish estimates of clinically meaningful improvement (as recommended by Coon & Cappelleri, 2016; Crosby, Kolotkin & Williams, 2003; and FDA, 2006, 2009) . When stratifying by age and IQ, the sample size-weighted MCIDs produced good agreement both with one another (a half-point or less of discrepancy in the Adaptive Behavior Composite score) and with prior work (Frye et al, 2016 's sample of 48 children with ASD using a single method of estimation, the standard error of the measurement). Anchor-and distribution-based weighted MCID estimates were also positively correlated, suggesting both agreement between these methods, as well as systematic variation in the weighted MCID estimates across strata and Vineland-II standardized scores. A second source of systematic variance in Vineland-II weighted MCID estimates relates to the effects of age and IQ, with demonstrably lower MCID estimates for the young and those with cognitive disability. These systematic differences in the MCID estimates do not imply that any given intervention would be more clinically beneficial early in development or among those with cognitive disability, nor do they obviate the need for empirical testing of a given intervention in each population of interest. The numerical criterion for clinical meaningfulness in adaptive behavior is smaller in these groups, but this does not obviate empirical testing of a given intervention in each population of interest. Indeed, the dependence of MCID estimates on these stratifications underscores the methodological importance of stratification for the design and analysis of interventions influencing adaptive behavior.
Large-scale analysis of pooled individual-level data can attenuate the sampling and ascertainment biases affecting any given study (e.g., Howe, Yatchmink, Viscidi & Morrow, 2014) , but pooling can also inflate heterogeneity. Here this concern is mitigated by the reduced variance in Vineland-II scores we observe, relative to normalization samples (Sparrow et al, 2015) ; the robustness of our estimates across various pooling strategies (see Supplementary   Tables S2-S6) Vineland-3; Sparrow, Cichetti & Saulnier, 2016) , or even to the clinical meaningfulness of biomarkers associated with adaptive behavior (e.g., Lerer et al., 2008) .
Interventions exceeding the MCID are often said to be those which would mandate a change in a patient's treatment, 
Conclusions
